The closed-circular DNA In this paper, we report the physical mapping of chloroplast DNA fragments from Zea mays produced by using restriction endonucleases. DNA fragments produced by restriction enzymes were fractionated by agarose gel electrophoresis. The order of fragments produced by one enzyme was determined by finding overlapping fragments produced by another enzyme. The order of all the fragments resulting from digestion with Sal I, is given. Genes for chloroplast ribosomal RNAs have been located on the physical map.
and 1 mM 2-mercaptoethanol. EcoRI incubations were in 45 mM Tris-HCtat pH 7.4,85 mM NaCl, 5 mM MgCl2, 0.04% Triton X-100 (vol/vol), and 14% glycerol (vol/vol). Reactions were stopped by making the solution 25 mM EDTA.
Agarose Gel Electrophoresis of DNA Digested with Restriction Enzymes. Agarose gels were prepared, stained with ethidium bromide, and photographed as previously described (10, 11) . DNA samples in volumes of Mul containing 5% glycerol and 0.005% bromophenol blue were layered under the electrophoresis buffer (40 mM Tris, 5 eluted from agarose gels using the procedure described by Tanaka and Weisblum (12) . Copy RNA Transcribed from Isolated DNA Fragments. E. coli RNA polymerase (RNA nucleotidyltransferase, nucleosidetriphosphate:RNA nucleotidyltransferase, EC 2.7.7.6) was prepared according to Berg et al. (13) . Copy RNA was made in 150 ,M reaction mixtures containing 0.2 Mig of DNA, E. coli RNA polymerase, and 10 MCi of [32P]UTP (specific activity 100 Ci/mmol, New England Nuclear) in 50mM KCI; 50 mM Tris-HCI at pH 8.0; 0.1 mM dithiothreitol; 10 mM MgCI2: 2 mM each CTP, GTP, ATP; and 10% glycerol (vol/vol). The incubation mixture, at 370 for 60 min, was terminated by addition of 40 ,g of yeast tRNA and 0.30 ml of 2 M ammonium acetate. The mixture was homogenized with 0.5 ml of watersaturated phenol and RNA was precipitated from the aqueous phase with 2.5 volumes of 95% ethanol. The precipitate was washed twice with 65% ethanol, dried in a vacuum desiccator and dissolved in 0.70 M NaCl and 0.07 M sodium citrate at pH 7.0 containing 50% formamide (vol/vol).
Chloroplast Ribosomal RNA. Chloroplast rRNA was prepared from purified chloroplast ribosomes (14) and radiolabeled in vitro by exchanging the 5 (Fig. 1B) , Bam I (Fig. ID) , and EcoRI (Fig.  1G ). Lambda-phage DNA digested with Eco RI (16) and with Hae III (11, 17) is also shown (Fig. 1A , C, and F). Table 1 gives the estimated molecular size of fragments produced by the three endonucleases. In the following discussion, the fragments produced by Sal Chloroplast DNA was digested with restriction enzymes and the DNA fragments fractionated on agarose gels. The sizes of the chloroplast DNA fragments were estimated relative to EcoRI (20) and Hae 11 (30) fragments of lambda phage DNA; The number of copies of a fragment per genome was estimated as described in Materials and Methods. * Only those size classes of fragments shown in Fig. 1 which is represented twice per genome, named F, and another present once and named F'. Sal I fragment G was found to be present in less than 1 copy per genome in three independent estimations. The Bam I fragments 7, 9, and 15 are present twice per genome. Digestion of these fragments with EcoRI shows each is a single sequence. Size class 13 is composed of two sequences, one present twice per genome and called 13 and one present once per genome and named 13'. EcoRI fragment a which is present twice per genome was found by digestion with Sal I and with Bam I (not shown) to be a single sequence. The size class j has been found by digestion with Sal I to include two different sequences of equal length; one, j, with and one, j', without a Sal I recognition site. The sequence complexity of EcoRI bands k, 1, m, and o has not been determined.
Bam I and RI Fragments with Recognition Sequences for Sal I. Fig. 1E (Fig. 3) .
cRNA from Bam I (fragment 1) hybridizes to Sal I fragments C, F', and H (Fig. 3A) ; fragment 2 hybridizes to B, E, and G (Fig. 3B) ; fragment 3 hybridizes to A, C', and G (Fig. 3G) ; fragment 4 hybridizes to C, F, and H (Fig. 3C) ; fragment 5 hybridizes to A and D (Fig. 3D) ; fragment 7 hybridizes to B, C' and F (Fig. 4E) ; fragment 12 hybridizes to E and F' (Fig.   3E ); fragments 13 and 13' hybridize to C, F, and H. cRNA to RI fragment a hybridizes to B, C, C', F, and H (Fig. 3H) ; c hybridizes to E (Fig. 31) , d hybridizes to A and D (Fig. 3J) ; and g hybridizes to B and E (Fig. 3K) .
The relationship of Sal I fragments C or C' and F or F' to Bam I and RI fragments was determined in a similar manner. cRNA from 1, 4, 7, 13 and 13', or a was hybridized to filters containing fragments of C and C' after further digestion with Bam I. Likewise, cRNA from 1, 3, 4, 7, 12, and a was hybridized to filters containing RI digestion products of Sal I fragments F and F' (not shown).
The Two Copies of the EcoRI Fragments a Are in an Inverted Orientation. The RI fragment a yields three pieces designated ai, aii, and aiii on digestion with Sal I (Fig. 2) . Fig.  4 shows the relationship between ai, ai", aiii, and the Sal I fragments. cRNA from aiii hybridizes B and C'. By using these data and those shown in Figs. 2 and 3 , we determined the order of the Sal fragments overlapped by RI fragment a as diagrammed in Fig. 5 . One copy of a extends from H through F into B and the other copy extends from C through F into C'. However, because H and C join via 13', and not via a, the two copies of a are in an inverted orientation with respect to one another. The region of inverted repetition extends through a into C' on the right and B on the left through the Bam I fragment 7. Bam I fragment 7 is present twice per genome and is common to B and C' (Fig. 4E) . Further, because Bam I fragment 6 in C' and fragment 8 in B have sequences in common and both hybridize B and C' (Fig. 4F and G) , the inverted repeat is assumed to extend through 7 into 6 on the right and through 7 into 8 on the left. The extent of the inverted repeat is indicated by double thickness arrows in Fig. 5 . The Order of the Sal I Fragments. Fig 6 shows the order of all the Sal I fragments in the maize chloroplast genome based on our interpretation of the data in Figs. 2, 3 , and 4. cRNA from Bam I fragment 2 hybridizes to Sal I fragments B and E as well as to G (Fig. 3) . Because G is not digested with Bam I and Bam I fragment 2 does not contain G (Fig. 2) , we assume that fragment 2 overlaps the Sal I site between B and E and contains a sequence common with Sal I fragment G. B joining E is confirmed by the data of Fig. 3 which show that cRNA from RI fragment g hybridizes to B and E. Fig. 3 shows that cRNA from Bamr I fragment 12 hybridizes Sal I fragments E and F', and implies that E joins F'. Fig. 3 shows that cRNA from Bam I fragmentS hybridizes A, C', and G. The data of Fig. 2 show that G is within Bam I fragment 3. These data imply that Bam I fragment 3 extends from Sal I fragment C' through G into A. Fig. 3 shows that cRNA from Bam I fragment 5 and RI fragment g hybridized to Sal I fragments A and D. These data suggest that Sal I fragments A and D are contiguous. Because this chloroplast DNA is a covalently-closed circular molecule Localization of the 16 and 23S Ribosomal RNA. Fig. 7 illustrates an experiment in which mixtures of the 16 and 23S maize chloroplast ribosomal RNAs, labeled with 32P, were hybridized to the RI and Sal I fragments of chloroplast DNA. These RNAs hybridize to RI fragment a and to Sal fragments C, F, and H. Fig. 6 diagrams the general location of the ribosomal RNA genes.
DISCUSSION
These experiments show that we can ascribe a discreteorder to the endonuclease digestion products of chloroplast DNA. This supports the view that the majority of the circular DNA molecules isolated from maize chloroplasts represent a single homogenous species. Two lines of evidence suggest that there may be some limited heterogeneity in this chloroplast DNA. First, less than one copy of Sal I fragment G appears to be present per genome. Second, RI fragment c, which contains a single recognition sequence for Sal I and overlaps Sal I fragment E (to the right in Fig. 6 .), appears to overlap not only Sal I fragment F' to the left, as predicted by the larger overlap with Bam I fragment 2, but it also overlaps other Sal I fragments. We do not understand the significance of this apparent heterogeneity.
Determination of DNA sequence homology between an overlapping fragment and the fragments being overlapped was the major method used to arrive at the fragment order shown in Fig. 6 RI fragments to fragments other than those overlapped. This minor hybridization is specific, because in control experiments hybridization to lambda phage DNA fragments is not observed.
We estimate from analysis of the sequence complexity of the Sal I fragments that the chloroplast genome of Zea mays is at most 80% as complex as its length and most probably considerably less complex. This appears to contradict reassociation kinetics data for this genome which suggest that it is as complex as its length. It seems likely, however, that the reassociation kinetics of sequences repeated only two or three times per genome may be indistinguishable from the reassociation kinetics of unique sequences in the mixture of all the chloroplast DNA sequences.
The fragment map of the chloroplast DNA shown in Fig. 6 contains a large inverted repetition (shown in detail in Fig. 5 ). Inverted repetitions have been found in eukaryote chromosomal DNA (18, 19) and in bacterial DNAs (20, 21) . Inverted repetitions are associated with certain transposable elements conferring various drug resistances (22, 23 lead to the inversion of the orientation of DNA sequences flanking the repeat relative to those outside the repeats. Such an event may be important in gene regulation.
